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ABSTRACT  (Conllnua  on  ravaraa  alda  II  nacaaaary  and  Idantlly  by  block  numbor) 


This  interim  technical  report  covers  DARPA- sponsored  research  di- 
rected towards  high  power  rare  gas-halide  lasers.  The  key  issues 
being  addressed  are:  Jr-rkinetics  leading  to  laser  medium  gain  and 
absorption,  JW  laser  energy  extraction,  upper  and  lower  laser  . 
state  kinetics , _4  )*-  intrinsic  laser  efficiency,  specific  energy,  andl 
-5)  energy  scaling.  By  operating  at  elevated  temperatures  and 
e-beam  pumped  XeF  laser  intrinsic  efficiency  of  5.5%  was  obtained 
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at  a specific  pulse  energy  of  5 J/l.  The  increase  in  efficiency 
is  attributed  to  improved  energy  extraction  from  the  XeF*(B)  vi- 
brational manifold  and  to  decreased  lifetime  of  the  XeF  ground 
state.  Detailed  comparisons  were  made  between  KrF  laser  experi- 
ments and  model  calculations.  Excellent  agreement  was  obtained. 
The  comparison  also  suggests  the  importance  of  KrF*  vibrational- 
rotational  relaxation  and  B and  C state  mixing  on  laser  perform- 
ance at  pump  intensities  exceeding  (lo^  W/cm^  The  rate  constants 
for  the  reactions 

XeF  (v)  + Ne  -*•  XeF(v')  + Ne  - 

->  Xe  + F + Ne 

and 

KrF*  + 2Kr  (Ar ) Kr2F*  (ArKrF*)  + Kr(Ar) 
have  been  calculated  theoretically. 
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REPORT  SUMMARY 


A.  PROGRAM  SCOPE  AND  OBJECTIVE 

This  interim  technical  report  covers  the  period  November  24, 
1977  to  May  24,  1978.  We  report  here  on  Defense  Advanced  Research 
Projects  Agency/Of f ice  of  Naval  Research  (DARPA/ONR)  sponsored 
research  directed  towards  the  development  of  high  average  power 

rare  gas  monohalide  laser  systems  applicable  to  specific  DARPA 

/ 

missions.  The  overall  objective  of  the  One  Meter  Laser  Research 
program  is  to:  1)  identify  the  key  physical  processes  governing 
the  operation  of  this  class  of  lasers,  and  2)  experimentally 
verify  laser  performance  predictions  made  by  laser  model  calcu- 
lations . 

In  the  previous  reporting  period  the  one-meter  XeF  laser 
experiments  had  shown  that,  at  room  temperature,  the  laser  effi- 
ciency was  limited  by  the  rate  of  lower  laser  state  removal 
(bottlenecking)  and  by  the  rate  of  vibrational  relaxation  in  the 
upper  state  vibrational  manifold.  This  work  led  to  the  proposal 
to  seek  improved  XeF  laser  efficiency  at  elevated  temperatures. 

For  this  reporting  period  a major  portion  of  the  effort 
was  devoted  to  installing  a heated  laser  cell  on  the  one-meter 
e-gun.  This  cell  was  then  used  to  study  XeF  laser  performance 
at  elevated  temperatures.  A portiion  of  the  effort  was  also  de- 
voted to  additional  KrF  laser  experiments.  Laser  output  energy, 
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pulse  shape,  KrF*  and  K^F*  sidelight  emissions  were  measured 
for  a range  of  mixtures,  pressures  and  excitation  intensities. 

The  results  of  these  experiments  have  been  compared  with  scaling 
predictions  made  by  our  comprehensive  KrF  laser  code. 

In  parallel  with  the  above,  theoretical  calculations  were 
made  on  1)  vibrational  excitation/de-excitation  and  dissociation 
rate  constants  for  ground  state  XeF  as  functions  of  temperature 
and  2)  three-body  recombination  rate  constants  of  KrF*  with  vari- 
ous rare  gases. 

B.  ACCOMPLISHMENTS  AND  FINDINGS 

The  major  results  obtained  in  this  reporting  period  are 
summarized  as  follows: 

1)  Construction  and  testing  of  the  one-meter  heated  laser 
cell  were  completed. 

2)  The  XeF  intrinsic  laser  efficiency  was  shown  to  increase 
by  more  than  a factor  of  two  at  elevated  temperatures. 

3)  At  optimum  temperature  an  intrinsic  XeF  laser  efficiency 
of  5.5%  was  achieved  at  3 amagats. 

4)  The  increase  in  laser  efficiency  was  shown  to  be  a re- 
sult of  improved  energy  extraction  brought  about  by 
increased  rate  of  lower  level  removal  and  upper  state 
vibrational  mixing. 

5)  The  energy  loss  due  to  the  formation  of  XeF*(C)  and 
excited  triatomics  in  XeF  laser  mixtures  was  shown  to 
be  saturable  by  laser  cavity  flux. 
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6)  The  change  in  XeF  laser  output  spectra  at  elevated 


* 


temperatures  was  shown  to  be  attributable  to  the  in- 
crease in  lower  level  removal  and  to  the  change  in 
upper  state  rotational  distribution. 

7)  The  various  effects  of  increased  temperature  in  XeF 
laser  kinetics  have  been  incorporated  into  the  com- 
prehensive laser  model. 

8)  The  observed  laser  performance  was  shown  to  be  con- 
sistent with  model  predictions. 

9)  KrF  laser  output,  KrF*  and  Kr2F*  sidelight  intensities 
have  been  compared  wiwh  model  predictions  and  shown  to 
agree  within  experimental  error. 

10)  KrF  laser  scaling  projections  were  made. 

11)  The  rates  of  lower  state  (XeF(x))  removal  by  vibrational 
mixing  and  dissociation  have  been  calculated  for  vari- 
ous vibrational  states  and  temperatures. 

12)  The  rate  constants  for  three-body  recombination  reactions 
of  the  type 

KrF*  + Rg  + Rg'  ■+  RgKrF*  + Rg' 
have  been  calculated  as  functions  of  temperature. 

C.  PLANS  FOR  NEXT  PERIOD 

For  the  next  six-month  period  the  one-meter  device  will  be 
used  to  study  KrF  laser  performance  at  elevated  temperatures.  An 
improvement  in  KrF  laser  efficiency  is  expected  because  three- 
body  recombination  calculations  indicate  reduce  KrF*  quenching  by 
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Kr  and  Ar  at  elevated  temperatures.  The  one-meter  device  will 
also  be  used  to  study  e-beam  controlled  discharge  pumping  of 
HgCl  lasers.  Discharge  pumping  of  HgCl  has  the  possibility  of 
yielding  a visible  laser  with  intrinsic  efficiency  approaching 
20%. 
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T.  INTRODUCTION 

The  overall  objective  of  the  DARPA/ONR  sponsored  rare  gas 
monohalide  laser  program  is  to  determine  whether  this  class  of 
lasers  can  be  made  both  efficient  and  scalable  to  high  average 
powers  needed  for  achieving  specific  DARPA  goals.  In  order  to 
meet  this  objective  various  parts  of  the  underlying  physics 
governing  these  lasers  are  resolved  on  small  scale  devices. 

These  experiments  provide  the  various  parameter  values  (cross 
sections,  rate  constants,  etc.)  which  are  used  to  develop  com- 
prehensive laser  models.  One-meter  laser  experiments  are  per- 
formed to  first  help  identify  the  key  processes  that  must  be 
correctly  modeled  and,  second,  to  experimentally  verify  that 
performance  predictions  made  by  model  calculations  can  be 
achieved.  Once  the  predictive  capability  of  the  models  has 
been  demonstrated  then  these  laser  models  can  be  used  to  accu- 
rately assess  the  performance  achievable  with  larger  scale 
versions  of  these  lasers. 

In  the  previous  reporting  period  one-meter  XeF  laser  ex- 
periments had  shown  that,  at  room  temperature,  the  laser  effi- 
ciency was  limited  by  the  rate  of  lower  laser  state  removal 
(bottlenecking)  and  by  the  rate  of  vibrational  relaxation  in 
the  upper  state  vibrational  manifold.  Since  both  of  these  rates 
are  expected  to  increase  with  temperature,  we  proposed  to  study 
XeF  laser  performance  at  elevated  temperatures. 
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During  this  reporting  period  a heated  laser  cell  was  in- 


stalled on  the  one-meter  device.  This  cell  was  then  used  to 
study  heated  XeF  laser  performance.  In  Section  II  of  this  re- 
port the  design  and  construction  of  the  heated  cell  and  its 
associated  temperature  controls  and  gas  handling  systems  are 
described.  The  results  of  heated  XeF  laser  experiments  are 
presented  in  Section  III. 

In  parallel  with  the  construction  of  the  heated  cell,  the 
one-meter  device  was  used  to  perform  further  KrF  laser  experi- 
ments. The  results  of  these  experiments,  together  with  detailed 
comparisons  with  comprehensive  KrF  laser  model  predictions  are 
discussed  in  Section  IV. 

Also  during  this  reporting  period,  theoretical  calculations 
were  carried  out  on  (1)  vibrational  excitation/de-excitation  and 
dissociation  rate  constants  for  ground  state  XeF  as  functions  of 
temperature  and  (2)  three-body  recombination  rate  constants  of 
KrF*  with  various  rare  gases.  These  rate  constants  are  needed 
for  the  modeling  of  KrF  lasers.  The  results  of  these  calculations 
and  their  implications  on  the  laser  performance  are  described  in 
Section  V.  Finally,  in  Section  VI,  plans  for  the  next  six-month 
period  are  presented. 
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II.  ONE  METER  HEATED  LASER  CELL 


In  order  to  study  the  performance  of  rare  gas  monohalide 
lasers  at  elevated  temperatures,  a one-meter  heated  laser  cell 
was  designed  and  constructed.  This  cell  will  also  he  used  to 
study  e-beam  controlled  discharge  pumping  of  HgCl  lasers  in 
the  next  reporting  period.  A cross-sectional  view  of  the  cell 
is  shown  in  Figure  1.  The  cell  was  designed  to  automatically 
maintain  a pre-selected  temperature  ranging  from  room  tempera- 
ture to  250°C  with  overall  wall  temperature  uniformity  of  ± 5°C. 

The  cell  is  constructed  of  stainless  steel.  The  cell 
walls  are  heated  by  electrical  strip  heaters.  For  temperature 
uniformity  1/4-in.  aluminum  plate  cladding  is  used  on  the  cell 
walls.  The  beam  collector /discharge  cathode  is  held  in  place 
with  3 ceramic  standoffs.  These  are  separately  heated  by  elec- 
trical coil  heaters.  The  ends  of  the  cell  and  window  holders 
are  heated  by  electrical  tape  heaters. 

Thermal  insulation  between  the  cell  and  the  e-gun  chamber 
is  provided  by  a thin  cross-section  (1/8  in.)  2-in.  wide  stain- 
less steel  standoff.  The  cell  is  insulated  from  the  surroundings 
by  2-in.  thick  Fiber f rax  insulation.  The  spaces  between  the 
cavity  windows  and  the  optical  cavity  mirrors  are  enclosed  by 
heated  shrouds.  A cross-sectional  view  of  the  cell  ends  is 
shown  in  Figure  2. 
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LASER  CELL 


The  various  heaters  are  divided  into  8 groups.  Each  group 
is  powered  through  separate  Athena  Mod  74-6  controllers.  The 
temperature  of  the  cell  walls  is  monitored  by  40  thermocouples 
which  are  embedded  at  various  locations  in  the  stainless  steel 
cell  walls,  foil  support  and  beam  collector.  The  outputs  of  8 
of  these  thermocouples  are  fed  into  the  8 heater  controllers. 

The  remaining  thermocouples  are  used  to  monitor  cell  temperature 
uniformity . 

In  anticipation  of  the  long  thermal  cycling  time  required, 
the  temperature  control  system  described  is  designed  to  maintain 
a set  cell  temperature  continuously.  The  foil  and  foil  support 
are  accessible  from  the  e-gun  side,  so  that  in  the  event  of  a 
foil  rupture,  the  foil  can  be  replaced  quickly  without  having 
to  cool  the  cell  to  room  temperature. 

Viton  "0"  rings  are  used  for  vacuum  seals.  These  were 
found  to  be  adequate  for  operation  up  to  250 °C.  They  can  be 
cycled  repeatedly  without  failure,  provided  that  proper  "0"  ring 
groove  design  is  used.  For  operation  up  to  300°C,  Dupont  Kalraz 
"0”  rings  were  found  to  provide  satisfactory  service. 

Temperature  uniformity  of  the  cell  wall  was  checked  up  to 
300°C.  After  a few  iterations  on  the  placement  of  heater  con- 
trolling thermocouples,  ± 5°C  uniformity  was  achieved  over  the 
entire  cell.  Temperature  of  the  quartz  windows  was  measured 
using  thermopaint.  During  heat-up  the  window  temperature  lagged 
considerably  behind  the  cell  temperature,  due  to  the  poor  thermal 
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conductivity  of  quartz.  With  1 atm  of  He  in  the  cell,  the  cen- 
ter of  the  quartz  window  reached  operating  temperature  some 
3 hr  after  equilibrium  was  attained  on  the  cell  walls.  This 
problem  can  be  alleviated  by  the  use  of  heat  lamps  on  the  win- 
dows. 

The  laser  gas  mixture  is  stored  premixed  in  heated  storage 
cylinders.  The  gas  is  introduced  into  the  laser  cell  via  a 
heated  tube.  In  anticipation  of  spontaneous  wall  reactions 
problems  between  Hg  and  Cl2  in  HgCl  laser  mixtures  (also  possi- 
ble reaction  of  halogen  donor  in  rare  gas  halide  mixtures  with 
cell  walls) , the  cell  walls,  gas  storage  tanks  and  feed  tubes 
were  all  coated  with  high  temperature  teflon. 
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III.  XeF  LASER  PERFORMANCE  AT  ELEVATED  TEMPERATURES 


In  the  previous  reporting  period,  using  e-beam  excitation, 
we  were  able  to  achieve  an  intrinsic  XeF  laser  efficiency  of 
2.6%.  Laser  sidelight  measurement  had  shown  that  the  efficiency 
was  severely  limited  by  the  rate  of  vibrational  mixing  in  the 
XeF*(B)  vibrational  manifold  and  by  the  rate  of  XeF(x)  removal. 

Preliminary  calculations  of  the  rate  of  XeF(x)  removal  via 
collisional  excitation  and  dissociation  indicated  that  this  rate 
should  increase  dramatically  with  modest  increases  in  tempera- 
ture. For  example,  at  450 °K  the  theory  predicted  a factor  of  3 
increase  in  the  dissociation  rate  constant  compared  with  room 
temperature.  This  increase  is  expected  to  yield  a 60%  increase 
in  laser  efficiency.  The  theory  also  indicated  that  the  temper- 
ature dependence  is  stronger  for  lower  vibrational  levels  of 
XeF(x).  Therefore,  heating  may  lead  to  strong  lasing  in  the 
v'  = 0 v"  = 2 transition  at  3511  j?.  Lasing  in  this  transition 
would  also  result  in  extraction  from  the  v'  =1  level  in  the 
upper  state  because  the  v'  = 1 -*■  v"  = 4 transition  is  coincident 
in  wavelength  with  the  0 -*■  2.  Furthermore  heating  may  also  in- 
crease the  rate  of  vibrational  relaxation  in  the  XeF* (B)  vibra- 
tional manifold.  If  this  increase  is  sufficiently  large,  then 
lasing  in  one  v'  -*■  v"  transition  can  extract  energy  from  other 
v'  levels  through  vibrational  relaxation.  All  these  effects 
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combined  are  expected  to  improve  the  laser  efficiency  of  more 
than  a factor  of  two. 

In  this  section  we  first  report  on  the  result  of  heated 
laser  experiments.  Then  we  report  on  sidelight  experiments  per- 
formed to  study  the  mechanisms  leading  to  the  observed  improve- 
ment in  laser  efficiency  and  output  spectra. 

A.  HEATED  XeF  LASER  EXPERIMENTS 

The  intrinsic  laser  efficiency  was  measured  vs  temperature 
for  2 and  3 amagat  gas  densities.  The  results  are  shown  in 
Figure  3 where  we  have  plotted  the  measured  intrinsic  efficiency 
vs  initial  gas  temperature.  The  efficiencies  shown  were  derived 
by  dividing  the  measured  laser  energy  out  by  the  measured  e-beam 
energy  deposited  in  the  laser  mixture.  Methods  of  e-beam  and 
laser  energy  measurements  were  described  in  the  previous  re- 
port. ^ For  these  measurements  the  gas  mixture  was  kept  con- 
stant at  0.1%  NF2/0.5%  Xe/99.4%  Ne.  The  optical  cavity  output 
couplings  were  44%  and  84%  for  2 and  3 amagat,  respectively. 

These  were  found  to  be  approximately  optimal  for  the  respective 
operating  conditions.  For  each  density  the  only  parameter  varied 
was  the  initial  gas  temperature. 

As  the  temperature  was  raised  the  laser  efficiency  first 
increased  with  temperature  until  an  optimum  point  was  reached. 
Further  heating  resulted  in  a drop  in  efficiency.  The  highest 
laser  efficiency  was  5.5%,  which  was  obtained  at  450 °K  and  3 
amagats  gas  density.  This  was  a factor  of  3 higher  than  that 


(1)  Hsia,  J.C.,  Mangano,  J.A. , Jacob,  J.H.,  Rokni,  M. , "One- 

Meter  KrF  Laser  System,"  Semi-Annual  Report,  Feb.  23,  1977 
to  Aug.  22,  1978. 
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Figure  3.  XeF  Intrinsic  Laser  Efficiency  vs  Initial 
Gas  Temperature 


observed  at  300°K  under  otherwise  identical  conditions.  The 
associated  volumetric  laser  output  was  5 J/l,  which  was  extract- 
ed in  a 750  nsec  laser  pulse.  Higher  efficiencies  and  volumetric 
outputs  should  be  possible  with  higher  gas  densities  and/or 
higher  e-beam  excitation  levels.  These  were  not  explored  due 
to  device  constraints. 

When  the  temperature  was  raised  a change  in  the  laser  out- 
put spectra  was  also  observed.  Figure  4 illustrates  the  change 
in  output  spectra  at  2 amagats.  At  room  temperature,  laser  power 
was  emitted  predominantly  in  the  band  centered  at  353  nm.  This 
emission  has  been  attributed  to  transitions  from  v'  = 0 in  the 
XeF*(B)  state  to  v"  = 3 in  the  ground  state.  Weak  lasing  also 
occurred  around  351  nm,  which  has  been  attributed  to  a blend  of 
v'  = 1 v"  = 4 and  v'  = 0 -*■  v"  = 2 transitions.  As  the  temper- 
ature was  raised,  the  351  nm  band  increased  in  intensity.  In 
addition,  this  band  split  into  two  peaks  which  were  separated 
by  ~ 0.1  nm.  At  the  temperature  where  the  highest  laser  effi- 
ciency was  observed,  both  the  band  at  353  nm  and  the  two  bands 
around  351  nm  were  lasing  strongly.  Further  heating  led  to  a 
decrease  in  laser  output  in  the  353  nm  band. 

B.  SIDELIGHT  MEASUREMENTS 


In  order  to  study  the  physical  processes  leading  to  the 
observed  improvement  in  laser  efficiency  and  change  in  output 
spectra,  sidelight  measurements  were  carried  out  at  various 
temperatures.  Measured  were  relative  sidelight  fluorescence 
intensities  and  spectra  vs  temperature  both  with  and  without  the 
presence  of  a laser  cavity  flux. 


^AVCO  EVERETT 


The  sidelight  intensity  was  monitored  with  two  photodiodes. 
One  photodiode  measured  the  fluorescence  intensity  in  a 10  R 
FWHM  band  centered  at  3532  i?  and  the  second  measured  the  inten- 
sity in  the  entire  XeF*  (B)  -»■  XeF(x)  band.  The  measured  relative 
intensities  are  plotted  in  Figure  5.  Note  that  the  intensity  in 
the  entire  B X band  increased  up  to  the  highest  temperature 
investigated.  The  intensity  at  3532  R also  increased  but  at  a 
faster  rate  compared  with  the  entire  band  indicating  a spectral 
narrowing  of  the  fluorescence.  This  narrowing  can  also  be  seen 
from  spectrograph  measurements  taken  at  2 amagats,  shown  in 
Figure  6.  Here  we  have  superimposed  microdensitometer  tracings 
of  film  plates  exposed  by  fluorescence  at  300°K  and  450 °K.  The 
traces  were  normalized  to  each  other  at  the  peak  of  the  3532  R 
line.  Note  that  the  comparison  clearly  shows  a spectral  narrow- 
ing toward  the  long  wavelength  region. 

The  sidelight  spectra  were  also  taken  with  and  without  a 
laser  cavity  flux.  Measurements  taken  at  2 amagats,  450 °K  with 
and  without  laser  cavity  flux,  are  superimposed  in  Figure  7. 

The  comparison  shows  that  energy  was  extracted  essentially  from 
the  entire  XeF* (B)  vibrational  manifold. 

The  effect  of  increased  temperature  on  the  rate  of  lower 
level  removal  was  studied  in  a series  of  sidelight  experiments 
carried  out  on  the  20  cm  cable-driven  e-beam  device.  The  ex- 
perimental arrangement  is  shown  schematically  in  Figure  8. 

The  20  cm  e-gun  and  heated  laser  cavity  has  been  described 
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Figure  6.  XeF*  Fluorescence  Spectra  at  Various  Temperatures 
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Figure  8.  Experimental  Arrangement  for  Sidelight  vs 
Cavity  Flux  Measurements 
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(2) 

previously.  A quartz  absorption  cell  was  inserted  into  the 

optical  resonator  formed  by  a max  reflector  (R  = 99%)  and  a 4% 
transmitting  output  coupler,  so  that  the  Q of  the  resonator  (and 
therefore  the  cavity  flux)  could  be  continuously  varied  for 
fixed  excitation  conditions,  by  varying  the  CI2  pressure  in  the 
quartz  cell.  The  laser  output  flux  in  the  3532  R band  was  moni- 
tored by  a calibrated  photodiode.  The  cavity  flux  inside  the 
resonator  near  the  output  coupler  can  be  calculated  from  the 
output  flux  using  the  measured  transmittance  and  reflectivity 
of  the  output  coupler.  The  sidelight,  within  a 10  i?  wide  band 
centered  about  3532  R,  emitted  close  to  the  output  coupler  was 
monitored  by  another  photodiode. 

The  ratios  of  sidelight  intensities  with  no  cavity  flux 
to  that  with  cavity  flux  <J>  are  plotted  in  Figure  9 vs  4>  for 
300°K  and  475°K  initial  gas  temperatures. 

Sidelight  experiments  were  also  performed  to  study  the 
kinetics  of  excited  species  (XeF*(C)  or  triatomic  NeXeF*)  for- 
mation in  XeF*  laser  mixtures  leading  to  broadband  emission 
centered  around  460  nm.  The  experimental  arrangement  used  is 
shown  schematically  in  Figure  10.  Sidelight  intensities  were 
measured  in  the  300  nm  to  380  nm  (XeF*  (B  X)  ) , and  400  nm  to 
600  nm  bands.  Typical  photodiode  signals  are  shown  in  Figure  11. 


} ; 

it 
1 1 


(2)  Mangano,  J.A.  and  Jacob,  J.H.,  Appl.  Phys.  Lett.  27,  495 
(1975)  . 
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Figure  9.  Ratio  at  Sidelight  Intensities  vs  Cavity  Flux 
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C.  DATA  INTERPRETATION 

The  increase  in  fluorescence  intensity  with  temperature 
over  the  entire  (XeF*  (B  -*■  X)  band  can  be  attributed  to  slightly 
reduced  quenching  of  XeF* . This  reduction  may  be  due  to  a re- 
duction in  the  rate  of  three-body  quenching  reaction 

XeF*  + Ne  + Ne  -*•  NeXeF*  + Ne 

A reduction  in  rate  of  this  reaction  can  be  expected  if  NeXe+  is 
very  slightly  bound.  In  this  case  an  increase  in  temperature 
would  be  expected  to  favor  the  reverse  reaction 

NeXeF*  + Ne  -*•  XeF*  + 2Ne 

Another  possibility  is  that  the  dissociative  electron  attach- 
ment rate  constant  of  NF^  increases  with  temperature.  In  this 
case  heating  would  lead  to  a lower  electron  density  and  thereby 
reduce  the  electron  quenching  of  XeF*.  Small  scale  experiments 
will  be  performed  in  the  next  reporting  period  to  study  these 
processes. 

The  narrowing  of  the  fluorescence  spectra  shown  in  Figures 
5 and  6 can  be  attributed  to  an  increase  in  the  rate  of  vibra- 
tional relaxation  in  the  XeF* (B)  vibrational  manifold.  At  room 
temperature  the  density  distribution  in  the  XeF* (B)  vibrational 
levels  is  not  fully  relaxed.  Evidence  for  this  was  presented  in 
the  previous  interim  report.  ^ An  increase  in  the  vibrational 
relaxation  rate  brought  about  by  heating  would  drive  the  distri- 
bution closer  to  equilibrium  which,  in  this  case,  would  lead  to 
an  increase  in  the  relative  population  of  the  lowest  vibrational 
levels  and  thus  result  in  the  observed  change  in  fluorescence 
spectrum. 
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The  sidelight  spectra  shown  in  Figure  7 indicate  that  at 
450 °K  where  the  highest  laser  efficiency  was  achieved,  the  laser 
cavity  flux  extracted  energy  from  essentially  the  entire  XeF* (B) 
vibrational  manifold.  This  increase  in  extraction  efficiency 
with  temperature  can  be  attributed  to  two  causes.  First  is  that 
at  450°K  strong  laser  action  occurred  in  v = 0 ■>  3,  0-*-2,  and 
1 -*•  4 transitions;  therefore,  the  laser  cavity  flux  directly 
stimulated  XeF*  in  both  the  v'  =0  and  v'  = 1 levels.  Whereas, 
at  room  temperature,  strong  lasing  occurred  only  from  XeF*  v'  = 0 
level.  Second  is  that  the  increase  in  the  vibrational  mixing 
rate  at  elevated  temperatures  lead  to  increased  feeding  of  XeF* 
from  v'  _>  2 levels  into  the  v'  =0  and  1 levels  where  extraction 
by  the  cavity  flux  occurred.  The  combination  of  these  effects 
lead  to  efficient  extraction  from  the  entire  XeF*(B)  vibrational 
manifold. 

The  extraction  efficiency  is  also  increased  by  an  increase 
in  the  rate  of  lower  level  removal  as  demonstrated  by  the  data 
shown  in  Figure  9.  Quantitatively,  we  can  estimate  the  increase 
in  this  rate  as  follows.  Consider  the  steady  state  rate  equa- 
tions for  the  upper  and  lower  levels 


dN* 

dt 


= S - 


TuT  <«*-»> 

S Q 


dN 

dt 


<pa 


W <N*-N)  + f - iL  = o 
s L 


(1) 


(2) 
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where  N,  N*  are  the  lower  and  upper  level  number  densities.  4> 
is  the  laser  cavity  flux.  xg,  xQ  and  xL  are  the  XeF*  spontane- 
ous lifetime,  the  quenching  lifetime  and  the  lower  level  life- 
time respectively.  og  is  the  stimulated  emission  cross  section 
and  S is  the  upper  level  pumping  rate. 


These  equations  yield 


N*  ( <f> = 0 ) 
N*  ( 4> ) 


where 


1 + f 

Ys 

i + 1 A. 

3 ♦ 


= “v  (j  + . il  ) 


? = 1 + J-  . JL 


TS  TQ 
Ts  + tQ 


Xq  can  be  calculated  from  measured  quenching  rate  constants. 

Taking  a ag  of  2 x 10  cm  xg  of  16  nsec,  one  can  fit  the  data 
points  shown  in  Figure  9 with  Eq.  (3)  by  adjusting  the  only  re- 
maining free  parameter  x^.  The  data  points,  together  with  best 
fit  curves,  are  shown  in  Figure  10.  These  curves  yield 

xL  = 6.2  nsec  300°K 

xL  = 1.8  nsec  475°K 

respectively.  These  agree  well  with  our  preliminary  calculations 
on  the  temperature  dependence  of  XeF  dissociation.  If  this  change 
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in  lower  state  lifetime  is  included  in  the  model  calculations, 
then  the  model  predicts  a 55%  increase  in  extraction  efficiency 
at  475°K  compared  with  300°K  for  the  conditions  of  3 amagat  ex- 
periments shown  in  Figure  3.  This,  together  with  the  increase 
in  extraction  from  the  higher  v'  levels  in  XeF*  previously  dis- 
cussed, imply  that  one  can  expect  a total  intrinsic  efficiency 
improvement  of  a factor  of  2.6. 

Aside  from  the  improvement  in  the  intrinsic  laser  effi- 
ciency, the  physical  processes  leading  to  the  observed  changes 
in  laser  output  spectra  and  to  the  eventual  decrease  in  laser 
efficiency  at  temperatures  > 475°K,  remain  to  be  identified. 

Some  plausible  processes  are  suggested  below. 

As  the  temperature  was  raised,  the  laser  emission  at  3511  R 
increased  dramatically  in  intensity.  In  addition,  a new  peak 
~ 1 R to  the  blue  of  the  3511  R peak  appeared.  The  wavelength 
separation  of  the  two  peaks  is  close  to  the  calculated  separation 
between  the  v = 0 •>  2 and  v = 1 -*■  4 transition  bandheads.  ^ If 
we  tentatively  identify  the  emission  features  as  shown  in  Figure 
12,  then  the  new  peak  found  at  elevated  temperatures  can  be  attri- 
buted to  lasing  in  the  v = 0 •+■  2 transition.  This  transition  is 
expected  to  be  strongly  favored  by  heating  for  two  reasons.  First, 
the  lower  laser  level  v"  = 2 is  more  strongly  bound  compared  with 
v"  = 3 and  4,  and  the  rate  for  its  deactivation,  via  vibrational 

(3)  Smith,  A.L.,  Kobrinsky,  P.C.,  J.  Mol.  Spect.  6j),  1 (1978). 
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excitation  and  direct  dissociation,  is  expected  to  have  a strong- 
er temperature  dependence.  Therefore,  heating  is  expected  to 
incrase  the  gain  of  the  v = 0 -*■  2 transition  faster  than  the 
v = 0 -*■  3 transition.  Second,  as  the  temperature  is  increased 

the  rotational  distribution  is  shifted  to  higher  rotational  states. 

(4) 

The  Franck  Condon  factors  (FCF)  calculated  for  the  various 
transitions  (Figure  13)  show  that  for  the  higher  rotational  states 
the  FCF  favor  the  v = 0 -*■  2 transition  over  the  v = 0 ->  3.  These 
two  effects  may  explain  the  dominance  of  the  v = 0 -*■  2 transition 
over  that  of  v = 0 + 3 at  elevated  temperature.  Furthermore,  the 
close  wavelength  match  of  the  0 -*■  2 transition  with  the  1 4 

transition  means  that  extraction  in  the  1 -*■  4 transition  also  be- 
comes more  efficient. 

A possible  explanation  for  the  decrease  in  laser  efficiency 
at  temperatures  > 475°K  is  that  the  gain  in  the  1 -*■  4 transition 
decreased  at  these  temperatures,  again  because  of  the  shift  in 
rotational  distribution  (Figure  13) . This  can  lead  to  inefficient 
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affect  laser  performance.  Substantial  outgassing  is  expected 
by  the  coating  manufacturer  at  temperatures  > 500°K.  This  possi- 
bility will  be  investigated  in  the  next  reporting  period  by 
direct  absorption  measurement. 

Another  key  issue  in  XeF  laser  mixtures  is  the  origin  of 
the  broadband  emission  centered  around  460  nm.  This  emission 
can  be  attributable  to  one  or  more  of  the  following:  1)  XeF* 

(C  A)  , 2)  excited  triatomic  NeXeF*  (in  Ne-diluted  mixtures)  or 
ArXeF*  (in  Ar-diluted  mixtures),  and  3)  XeF*  (B  -*■  A).  All  the 
above  are  expected  to  give  rise  to  broad  featureless  emission  in 
the  blue-green.  The  key  issue  is  whether  the  energy  loss  to  this 
broadband  emission  is  saturable  by  lasing  in  the  XeF*  (B  X) 
transition.  (3)  is  clearly  saturable.  (2)  is  saturable  if  the 
triatomics  are  formed,  with  XeF*(B)  as  the  precursor,  through 
the  reactions 

XeF*(B)  + 2Ne  (2Ar ) -*■  NeXeF*  (ArXeF* ) + Ne(Ar) 

(1)  is  saturable  if  either  XeF*(C)  is  formed  with  XeF*(B)  as  the 
precursor  or  if  XeF*(C)  is  well  mixed  with  XeF*(B)  by  collisions. 

The  data  shown  in  Figure  10  clearly  demonstrate  that  the 
loss  is  saturable.  Note  that  the  sidelight  depression  in  the 
broadband  is  the  same  as  that  in  the  B -*■  X,  therefore,  lasing  in 
the  B ■+  X band  reduces  the  loss  to  broadband  emission  in  the 
same  ratio  as  that  due  to  quenching  and  spontaneous  emission  of 
XeF* (B) . This  means  that,  except  for  a reduction  in  small  signal 
gain  on  the  XeF*(B  -*•  X)  transition,  the  formation  of  broadband 
emitting  species  can  be  neglected. 
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IV.  KrF  LASER  EXPERIMENTS  AND  COMPARISONS 
WITH  MODEL  PREDICTIONS 


The  physical  processes  which  determine  the  performance  of 


KrF*  lasers  have  been  intensively  researched  during  the  last  two 


years.  As  a result  of  this  research,  for  e-beam  excitation  in- 


• 5 2 

tensities  in  the  1-5  x 10  W/cm  regime,  the  dominant  formation 


and  quenching  kinetics  are  well  understood, the  stimulated 


cross  section  has  been  measured,  and  the  dominant  absorbers  in 


the  active  medium  has  been  identified. 


The  above  information 


allows  one  to  construct  a comprehensive  model  which  can  be  used 


to  predict  laser  performance  over  a wide  range  of  laser  operat- 


ing conditions.  An  experimental  verification  of  the  predictive 


capability  of  such  a model  then  provides  an  independent  check  on 


the  various  kinetics  leading  to  medium  gain  and  absorption,  as 


well  as  a check  on  the  validity  of  power  extraction  model, 


In  this  section,  a description  of  such  a code  is  presented. 


The  predictions  of  the  code  are  compared  with  experimental  results 


obtained  with  the  1-m  laser  device.  The  comparison  includes  the 


temperal  shape  of  the  KrF*  laser  output  and  sidelight  pulses,  the 


output  pulse  energy,  and  intrinsic  laser  efficiency.  From  such 


a detailed  comparison,  it  is  apparent  that  there  are  processes 


(5)  Rokni,  M. , Jacob,  J.H.  and  Mangano,  J.A.,  Phys.  Rev.  A16, 
2216  (1977). 


(6)  Velazco,  J.E.,  Kolts,  J.H.  and  Setser,  D.W. , J.  Chem.  Phys. 
65,  3468  (1976). 


(7)  Hawryluk,  A.M. , Mangano,  J.A.  and  Jacob,  J.H.,  Appl.  Phys. 
Lett.  31,  164  (1977). 
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that  have  not  previously  been  addressed.  These  processes  in- 
clude (a)  electron  quenching  of  KrF* , and  (b)  the  effects  of 
vibrational  relaxation  and  perhaps  rotational  relaxation  on  the 
saturation  flux  and  extraction  efficiency. 

In  this  section  we  first  discuss  how  these  kinetics  are 
coupled  to  power  extraction  by  the  laser  cavity  flux.  The  de- 
tailed comparisons  between  the  experimental  results  and  model 
predictions  are  presented.  Finally,  a discussion  of  the  proc- 
esses not  previously  investigated  will  be  addressed,  and  a 
scaling  map  for  the  KrF*  laser  is  also  described. 

A.  KrF*  LASER  KINETICS 

Figure  14  shows  a block  diagram  which  summarizes  the  im- 
portant processes  included  in  the  computer  code.  The  e-beam 
energy  results  in  the  formation  of  electron  and  rare  gas  ion 
pairs.  The  secondary  electrons  are  rapidly  lost  via  dissoci- 
ative attachment  with  the  halogen  donor  to  form  F . These  ionic 


(5) 


states  eventually  result  in  the  formation  of  KrF*. w'  The  domi- 
nant formation  kinetics  and  corresponding  rates  are  listed  in 
Table  1 (Refs.  8,  9,  10,  and  11).  Once  the  KrF*  is  formed,  it 


(8)  Jesse,  W.P.  and  Sadauskis,  J. , Phys.  Rev.  9£,  1120L  (1953) 


(9)  Chen,  Hao-Lin,  Center,  R.E.,  Trainor,  D.W.  and  Fyfe,  W.I., 
J.  Appl.  Phys.  £8,  2297  (1977). 

(10)  Jacob,  J.H.,  Rokni,  M. , Mangano,  J.A.  and  Brochu,  R. , Appl, 
Phys.  Lett.  32,  109  (1978). 


(11)  Flannery,  M.R.  and  Yang,  T.P.,  Appl.  Phys.  Lett.  32,  327 
(1978);  See.  also  Appl.  Phys.  Lett.  32,  356  (1978). 
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Figure  14.  Processes  Included  in  the  Model 
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TABLE  1 


DOMINANT  FORMATION  RATES 


Reference 


Ar 

-*■ 

Ar+ 

26.4  eV/electron-ion 

pair 

-> 

e + 

+ es 

+ 

e 

(8) 

Kr 

Kr+ 

1 24.1  eV/electron-ion 

pair 

e + 

F2 

-*■ 

F~  + 

F 

-9  3 

« 3 x 10  cm  /sec 

(9) 

Ar+ 

+ f” 

+ 

(M) 

-*• 

ArF* 

+ 

(M)  , ( 10~7  + 10~6  P)  cm3 /sec; 

1 P < 1 atm  1.1  x 10~6 

cm3/sec 

Kr+ 

+ f” 

+ 

(M) 

-> 

KrF* 

+ 

(M)  / P > 1 atm 

(10,11) 

Ar2 

+ f" 

+ 

-► 

ArF* 
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can  radiatively  decay,  be  quenched  by  the  rare  gases  or  halogen 
donor  or  be  stimulated  by  the  cavity  flux.  The  rate  constants 
for  the  dominant  formation  and  quenching  processes  have  been 
measured  and  checked  by  comparing  the  measured  KrF*  fluorescence 
efficiency  calculated  using  these  rates  for  various  Ar/Kr/F2 
mixtures.  The  dominant  quenching  reactions  and  rate  constants 
used  in  the  code  are  given  in  Table  2 (Refs.  5 and  12).  Inclu- 
sion of  these  processes  also  enables  the  code  to  predict  the 
number  densities  of  species  which  absorb  at  the  laser  wavelength. 
The  calculated  medium  absorption  has  been  compared  with  measured 
values  for  various  mixtures  and  e-beam  excitation  levels. ^ 

The  three  important  absorbing  species  are  F2,  F~  and  Kr2F* . The 
absorption  cross  sections  of  these  species ^ 13 ' are  listed 
in  Table  3.  What  remains  to  be  verified  is  the  ability  of  the 
code  to  predict  power  extraction  in  the  presence  of  intrinsic 
medium  absorption  and  overall  laser  performance  for  various 
levels  of  e-beam  excitation  and  laser  gas  mixtures.  Here  this 
ability  is  checked  with  experiment.  This  comparison  provides  a 
verification  of  the  validity  of  the  power  extraction  model  as 


well  as  an  independent  check  of  the  various  kinetics  leading  to 
laser  medium  gain  and  absorption. 


(12) 


(13) 


(14) 


(15) 


Other  scientists  have  investigated  the  quenching  of  KrF* 
and  obtained  rates  similar  to  those  used  in  this  article 
see  for  example  J.G.  Eden,  R.W.  Way ant,  S.K.  Searles  and 
R.  Burnham,  Appl.  Phys . Lett.  32^,  733  (1978);  G.P.  Owgley 
and  W.M.  Hughes,  Appl.  Phys.  Lett.  32,  627  (1978). 

Mangano,  J.A.,  Jacob,  J.H.,  Rokni,  M.  and  Hawryluk,  A., 
Appl.  Phys.  Lett.  31,  26  (1977). 

Steunenberg,  R.K.  and  Vogel,  R.C.,  J.  Amer.  Chem.  Soc.  78, 
901  (1956). 


Mandl,  A. 


Phys.  Rev.  A3, 


251  (1970). 
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TABLE  2.  DOMINANT  QUENCHING  RATES 


KrF*  + F2  — ► Products 

KrF*  + 2Kr  ► Kr2F*  + Kr 

KrF*  + Kr  + Ar  — •>  Kr2F*  + Ar 
KrF*  + 2Ar  ► Products 


Reference 

7.8  x 10  ***  cm3/sec  1 
6.7  x 10-31  cm6 /sec-1 
6.5  x 10-31  cm6 /sec-1  (12) 

7 x 10  3^  cm^/sec  1 
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B.  POWER  EXTRACTION 

The  rate  of  change  of  the  cavity  flux  is  given  by 

3*±  / 90  “ ac  \ 

3t  * C 3x  ~ \1  + (<j>+  + 4>_)  /<(>s  ‘ a)*s  (4) 

where  <J>+(4>_)  is  the  cavity  flux  propagating  in  the  positive  (neg- 
ative) x direction,  <p  is  the  saturation  flux,  g is  the  small 
signal  gain,  aQ  and  a are  the  saturable  and  nonsaturable  absorp- 
tion coefficients  of  the  medium.  Absorption  by  F2,  F-,  Kr^  and 
Ar2  is  nonsaturable,  while  the  absorption  by  Kr2F*  is  saturable 
with  the  same  saturation  flux  as  the  lasing  transition,  since 


KrF*  is  the  precursor  of  the  Kr2F*. 


Equation  (4)  may  be 


simplified  by  integrating  over  x.  The  temporal  variation  of  the 
laser  cavity  flux  is  then  determined  by  the  following  differential 


equation 


d<V 


mc(. 

v + <*c> 


>/4> 
c s 


<v 


where  <<p  > is  the  spatially  averaged  cavity  flux,  g the  cavity 
c c 

loss.  In  writing  Eq.  (5)  we  have  assumed  that  (1)  the  variations 
of  gain  and  absorption  along  the  cavity  are  small ^ 16 ^ and  (2)  the 

(16)  The  condition  on  the  small  variation  of  gain  and  absorption 
with  x may  be  written  explicitly  as 


k*c^s  V <<pc/<l>s>  ) //  t 

1 + ♦c/*s'  1 + 


c/*s  ' 

W 


« 1 


where  <F>  = 1/2  / F(x)dx.  For  the  example  discussed  sub- 
sequently this  ratio  < 0.1. 
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temporal  variation  of  <b  is  small  during  one  round  trip  in  the 
cavity.  The  photon  round  trip  time  in  the  cavity  was  ~ 10  nsec, 
whereas,  as  will  be  shown  subsequently,  the  cavity  flux  varied 
on  a time  scale  of  ~ 50  nsec.  The  numerical  solution  of  Eq.  (4) 
was  obtained  by  following  the  temporal  buildup  of  laser  cavity 
flux  from  KrF*  spontaneous  fluorescence.  The  initial  value  of 
the  isotropic  KrF*  fluorescence  was  determined  from  the  code 
describing  the  formation  and  quenching  kinetics.  The  predicted 
shape  of  the  laser  pulse  was  only  weakly  dependent  on  the  calcu- 
lated  value  of  initial  flux,  since  the  transit  time  of  the  flux 
in  the  laser  cavity  was  short  compared  to  the  time  scale  of  the 
e-beam  current  density  variations. 

C.  EXPERIMENTAL  RESULTS  AND  COMPARISON  WITH  MODEL  PREDICTIONS 

Electron  beam  excited  KrF  laser  experiments  were  performed 
on  the  one-meter  device  for  a variety  of  e-beam  current  densi- 
ties, laser  mixtures,  gas  pressures  and  output  couplings.  The 

(17) 

e-gun  and  the  laser  cell  have  been  described  previously. 

The  laser  output  pulse  energy,  pulse  shape,  sidelight  fluores- 
cence intensity  in  the  KrF*  (B  ->  X)  band  and  e-beam  energy  de- 

position  were  measured.  Methods  of  laser  output  and  e-beam 

( 17 ) 

input  energy  measurements  have  been  described  previously. 

The  experimental  arrangement  used  to  monitor  sidelight  is  shown 
schematically  in  Figure  15. 


(17)  Mangano,  J.A. , et  al.,  "One-Meter  KrF  Laser  System," 
Semi-Annual  Report,  August  21,  1976  to  Feb.  22,  1977. 
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Figure  16  shows  the  comparison  of  the  code  predictions  and 

experimental  observations  for  a typical  case.  The  laser  mixture 

for  this  case  contained  0.2%  F2 , 4%  Kr  and  95.8%  Ar  at  a total 

mixture  pressure  of  1.5  atm.  The  optical  cavity  output  coupling 

was  0.66.  The  peak  e-beam  current  density  after  attenuation  by 

2 

the  anode  screen  and  foil  support  structure  was  11.5  A/cm  . The 
e-beam  pulse  shape  is  shown  in  Figure  17.  The  top  trace  in 
Figure  16  is  the  KrF*  sidelight  pulse  shape  that  was  monitored 
in  the  absence  of  laser  flux  by  an  S5  photodiode.  A narrow  band 
filter  (AX  = 10  R FWHM)  centered  at  249  nm  was  placed  in  front  of 
the  photodiode.  For  comparison,  the  sidelight  pulse  shape  pre- 
dicted by  our  numerical  code  is  also  shown.  The  predicted  curve 
was  normalized  to  the  experimental  curve  at  the  peak  value.  The 
center  traces  are  a comparison  of  the  sidelight  under  laser  con- 
ditions . 

The  bottom  traces  in  Figure  16  show  the  predicted  and  ex- 
perimental laser  pulse  shapes.  Experimentally,  the  laser  energy 
was  measured  using  a Scientec  calorimeter  and  the  pulse  shape 
was  monitored  by  a photodiode.  The  laser  power  coupled  out  was 
computed  by  ensuring  that  the  integrated  power  was  just  the  mea- 
sured output  energy.  The  area  of  the  laser  beam  was  determined 
from  burn  pattern  measurements  so  that  the  output  flux  could  be 
computed.  Notice  that  the  predicted  pulse  turns  on  about  40  nsec 
earlier  than  the  experimental  pulse.  In  part  this  is  because  of 
the  assumptions  made  in  writing  Eq.  (4) . As  the  laser  flux  in- 
creases, the  sidelight  is  depressed.  This  depression,  caused  by 
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Figure  17.  E-Beam  Current  Pulseshape 
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the  laser  cavity  flux,  is  smaller  than  predicted.  The  experi- 
mental value  is  0.45  compared  to  the  theoretical  value  of  0.33. 

D.  DISCUSSION 

The  experimental  sidelight  amplitude  is  expected  to  be 
larger  than  the  predicted  value  because  fluorescence  from  the 
upper  and  lower  edges  of  the  e-beam  is  not  saturated  as  well  as 
that  in  the  center.  However,  because  of  the  guide  magnetic  field, 
we  expect  the  edge  effects  to  be  of  the  order  5-10%  which  is  much 
less  than  the  30-35%  difference  seen  experimentally.  A possible 
explanation  for  this  difference  is  the  finite  vibrational  and 
perhaps  rotational  relaxation  of  the  upper  laser  level.  This 
can  be  seen  by  analyzing  the  following  rate  equations: 

dN  (N  - N ) N N 

o _ o oe  o o 


™ _ R - fi  - ,71 

dt  R 7 ,s  «7> 

where  Nq  is  the  population  of  the  zeroth  level;  NQe  is  the  equi- 
librium population  of  the  zeroth  level,  N ^ = 0 N.  0 is  the 

oe  o o 

partition  function  and  N = E Ny,  x is  the  lifetime  of  the  upper 

v 

level,  x is  the  stimulated  lifetime  of  the  upper  level,  R is  the 
pumping  rate  and  tv  is  the  vibrational  relaxation  rate. 

Equations  (6)  and  (7)  can  be  solved  under  steady  state 


conditions  to  give: 


{1  + ($/$  ) j] 

N/N  = 5 !L. 

' (1  + <fr/<b  ) 
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where  <t>s  is  the  saturation  flux  defined  previously,  N°  is  the 
upper  state  population  density  when  = 0 and 

6 = 1 + 0Q  t/tv  (9) 

Note  that  for  -*■  0 3 -*•  00  and  the  depression  of  the  sidelight 

will  be  (1  + <f>/4>  ) ^ . In  our  model  we  have  assumed  x =0.  To 

s V 

explain  the  25-35%  difference  in  the  depression  we  require  that 

j-  « 0.25-0.35  or  3 « 8.5  (10) 

The  vibrational  spacing  of  KrF*  is  estimated to  be  610  cm-1. 

Hence,  at  room  temperature  0Q  ~ 0.76  if  the  upper  level  is  fully 

relaxed.  Using  the  value  of  3 given  by  Eq.  (10)  the  ratio 

x/xv  « 10.  The  KrF*  lifetime  in  the  laser  mixture  is  ~ 2.9  nsec. 

Hence,  we  can  estimate  xv  the  vibrational  relaxation  time  to  be 

~ 0.29  nsec.  Assuming  that  Ar  is  responsible  for  the  vibrational 

relaxation,  this  relaxation  time  corresponds  to  a two-body  rate 
-10  3 

constant  of  ~ 10  cm  /sec  or  a three-body  rate  constant  of 
2.7  x 10  88  cm^/sec.  This  finite  vibrational  relaxation  rate 
will  decrease  the  extraction  efficiency  by  1/3  (Ref.  19)  which 
is  small  and  so  we  will  ignore  its  effect  in  the  subsequent 
discussion. 

However,  it  should  be  noted  that  this  decrease  in  extrac- 
tion efficiency  can  be  substantial  for  very  high  e-beam  pumping 


(18)  Tellinghuisen,  Joel,  Hays,  A.K. , Hoffman,  J.M.  and 
Tiscone,  G.C.,  Journal  of  Chem.  Phys.  6jj,  4473  (1976). 

(19)  Rokni,  M. , Mangano,  J.A. , Jacob,  J.H.  and  Hsia,  J.C., 
IEEE  Journal  of  Quantum  Electronics,  QE-14 , 464  (1978). 
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intensities  (>  10  W/cm  ) where  the  electron  density  is  high  and 
electron  quenching  of  KrF*  can  significantly  lower  x.  Also  the 
transfer  time  between  the  B and  C states  of  KrF  will  have  a 
similar  effect  on  the  extraction  efficiency.  Again  at  low  pump 
poweres  the  effect  is  small,  but  it  could  be  substantial  at  the 
higher  pump  power. 

Figure  18  shows  the  predicted  time  dependence  of  the  for- 
mation efficiency  rip,  fluorescence  efficiency  nFL»  the  laser 
intrinsic  efficiency  n xnt ' an<*  t*ie  laser  extraction  efficiency 
nEXT*  nF  is  the  efficiency  with  which  KrF*  is  created  and  npL 
is  the  spontaneous  power  radiated  divided  by  the  e-beam  power 
deposited.  nEXT  is  the  ratio  of  the  laser  flux  extracted  to  the 
number  of  photons  available,  and  nINT  is  just  the  product  nEXTnF. 
Interestingly  enough,  by  the  end  of  the  pulse  the  fluorescence 
efficiency  is  7.5%,  while  the  intrinsic  efficiency  is  almost  9%. 
The  reason  that  nINT  > nFL  is  that  under  lasing  conditions  the 
cavity  flux  is  large  enough  to  stimulate  the  KrF*  before  it  can 
radiatively  decay  or  be  quenched  by  F2  and  the  rare  gases. 
Finally,  nEXT  and  nINT  are  zero  until  the  laser  turns  on,  which 
is  to  be  expected. 

We  have  used  our  code  to  predict  the  laser  output  for  a 
variety  of  pumping  conditions.  These  predictions  are  shown  in 
Figure  19  which  is  a plot  of  the  intrinsic  efficiency  as  a func- 
tion of  e-beam  current  density.  In  plotting  these  curves  we 

“6  2 

have  kept  JebTp  constant  at  7.5  x 10  coulombs/cm  , i.e.,  the 
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Figure  18.  Predicted  Formation  Efficiency  Fluorescence 

Efficiency  npL,  Intrinsic  Laser  Efficiency 
PINT  and  Extraction  Efficiency  Next 
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LASER  ENERGY/ E-BEAM  ENERGY  DEPOSITED  (%) 


JOULES  / LITER 


pump  power  into  the  laser  mixture  was  held  constant.  For  this 
pump  power  half  the  is  burnt  by  the  end  of  the  pulse. 

Notice  that  for  a given  laser  length  of  < 2 m the  laser 
efficiency  first  rises  as  the  e-beam  current  density  increases. 
This  increase  is  because  the  absorbing  species  F increases  only 
as  the  square  root  of  the  pump  power  whereas  the  gain  increases 
linearly.  However,  the  curves  reach  a peak  and  then  the  effi- 
ciency decreases  as  the  pump  power  is  increased  further.  The 


reason  for  this  decrease  is  that  at  the  higher  current  densities 
the  secondary  electron  density  increases.  These  secondary  elec- 
trons can  quench  the  KrF* . In  the  model  we  have  assumed  a 
quenching  rate  constant  of  2 x 10~7  cm3/sec.^20^  The  electron 
quenching  of  KrF*  has  yet  to  be  determined.  It  is  partly  for 
this  reason  that  we  have  shaded  the  region  in  Figure  19  corres- 
ponding  to  current  densities  > 30  A/cm  . The  efficiency  for 
longer  laser  lengths  also  decrease.  This  decrease  is  because 
the  product  of  the  absorption  and  the  laser  length  is  greater 
than  unity. 

For  the  present  laser  device  the  highest  output  energy  and 
the  highest  intrinsic  efficiency  were  observed  with  a laser  fill- 
ing pressure  of  1.7  atm  (0.2%  F2/4%  Kr/95.8%  Ar) , an  average 

2 2 

transmitted  current  of  11.5  A/cm  (13.5  A/cm  peak)  and  an  opti- 


cal cavity  output  coupling  of  0.71.  Under  these  conditions  a 


(20)  Trainor,  D.W.,  Rokni,  M.  and  Jacob,  J.H.,  31st  Gaseous 

Electronic  Conference,  Buffalo,  Oct.  (1978) . In  our  model 
we  have  also  assumed  that  the  precursor  for  KrF*  such  as 
ArF*  can  be  quenched  by  electrons.  The  rate  constant  used 
for  this  process  is  ~ 2 x 10-7  cm3/sec. 
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total  output  energy  of  102  J was  obtained  with  an  active  laser 

volume  of  8.5  1 (12  J/l)  and  the  intrinsic  efficiency  was  9%. 

For  these  conditions  the  code  predicted  an  intrinsic  efficiency 

of  9.3%  and  an  energy  extraction  density  of  12.5  J/l. 

In  conclusion,  we  have  shown  that  a comprehensive  computer 

code  has  been  developed  which  can  predict  all  the  important 

characteristics  of  e-beam  pumped  KrF  lasers  for  e-beam  current 

densities  < 30  A/cm  . The  predictive  capabilities  of  the  code 

have  been  verified  by  detailed  comparisons  with  experiment.  The 

code  should  prove  valuable  in  achieving  optimal  laser  design  as 

well  as  projecting  the  ultimate  energy  scalability  of  these 

2 

lasers.  For  current  densities  > 30  A/cm  the  electron  quenching 
of  KrF*  and  other  excited  species  could  become  important. 
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V.  THEORETICAL  RATE  CONSTANT  CALCULATIONS 


f 


In  the  previous  reporting  period  we  demonstrated  an  intrin- 
sic XeF  laser  efficiency  of  2.6%.  Since  the  lower  laser  state  of 
XeF  is  bound  by  ~ 1200  cm  a possible  explanation  for  the  low 
efficiency  is  bottlenecking  in  the  lower  state.  Estimates  based 
on  sidelight  experiments  indicated  that  the  laser  efficiency  was 
lowered  by  as  much  as  a factor  of  two  by  the  presence  of  this 
bottlenecking.  To  adequately  model  the  laser  performance  one 
needs  the  rate  constants  for  the  lower  level  deactivation  and 
their  temperature  dependences.  Also,  since  lasing  can  occur  in 
a number  of  v 1 v"  transitions,  one  also  needs  the  deactivation 
rate  constants  for  various  specific  v"  levels. 

During  this  reporting  period,  a portion  of  the  One-Meter 
Program  was,  therefore,  devoted  to  the  calculation  of  rate  con- 
stants for  the  reactions: 

XeF(v)  + Ne  -*■  Xe  + F + Ne 


and 


XeF  (v)  + Ne  XeF(v')  + Ne 

These  rate  constants  can  then  be  incorporated  into  the  ground 
state  master  equation,  from  which  the  time  evolution  of  the 
populations  of  the  various  vibrational  levels,  and,  hence,  the 
deactivation  lifetimes  can  be  obtained. 
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To  calculate  these  rate  constants  a combination  of  phase 

(21)  (22) 
space  theory  and  Monte  Carlo  trajectory  calculations  ’ was 

used.  This  is  a well  developed  technique  which  has  been  used  for 

(23) 

a variety  of  three-body  systems.  In  the  following  section  a 

description  of  this  technique  is  first  presented  and  then  the 
results  obtained  to  date  are  presented. 

An  effort  was  also  undertaken  to  theoretically  calculate 
the  temperature  dependence  of  recombination  rate  constant  for 

KrF*  + R + R -►  RKrF*  + R (R  = Ar,  Kr) 

These  reactions  have  been  shown  to  be  dominant  quenching  proc- 
esses in  KrF  lasers,  which  limit  laser  efficiency  at  high  pres- 
sures. Since  the  rate  constants  for  these  reactions  are  expected 
to  decrease  at  elevated  temperatures,  laser  performance  and 
pressure  scaling  characteristics  are  expected  to  improve  with 
increasing  temperature.  Knowledge  of  the  temperature  dependence 
of  these  rate  constants  will  allow  modeling  of  laser  performance 
vs  temperatures. 

In  part  B of  this  section  we  briefly  outline  the  theory 
and  summarize  the  results  obtained. 

A.  CALCULATION  OF  XeF  GROUND  STATE  DISSOCIATIVE  RATE  CONSTANTS 
A system  of  n particles  can  be  described  by  a point  in  a 
a 6 n dimensional  phase  space  whose  coordinates  are  the  conjugate 


(21) 

Keck,  J.C. , 

Adv.  Chem.  Phys. 

_13,  85 

(1967) . 

(22) 

Bunker,  D.L 

. , Methods  Comput. 

Phys . 

10,  287  (1971). 

(23) 

Shui,  V.H., 

J.  Chem.  Phys.  5j) 

, 4868 

(1973) . 
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momentum  and  position  vectors  (p  and  q)  of  the  particles.  The 
time  evolution  of  any  configuration  of  these  n particles  can  be 
determined  by  following  the  representative  point  through  phase 
space.  Since  phase  space  contains  all  possible  interaction  con- 
figurations of  the  n particles,  it  is  possible  to  define  a surface 
which  divides  space  into  two  regions,  one  of  which  contains 
"reactants"  and  the  other  "products."  The  rate  of  a reaction 
can  then  be  defined  as  the  one-way  flow  of  points  across  the 
dividing  surface. 


R = / p p(v  • n)  dS 
s s 


(11) 


where  Rg  is  the  rate  of  reaction,  p (p  • q)  is  the  density  of 
points,  n is  the  unit  vector  outward  normal  to  ds  and  v is  the 
generalized  velocity  in  phase  space.  The  components  of  v may 
be  obtained  from  the  equations 


9H  ..  • 9Hi 

*i  = 9^7  and  Pi  = - W 


(12) 


where  H(p,q)  is  the  Hamiltonian  of  the  system.  In  Eq.  (11),  p is 
a reaction  probability  which  corrects  for  multiple  passes  of  the 
same  point  over  the  surface  S.  The  rate  coefficient,  which  is 
independent  of  concentration,  can  then  be  defined  by 


ks=Rs/n[Mi],  (13) 

where  [M^]  is  the  concentration  of  species  i in  the  initial  state. 

Due  to  the  presence  of  the  unknown  function  p in  the  inte- 
grand of  Eq.  (11)  , the  expression  for  R cannot  be  evaluated 

S 
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analytically.  Monte  Carlo  methods  are,  therefore,  used.  Monte 
Carlo  techniques  allow  one  to  randomly  pick  initial  conditions 
for  the  system  under  investigation  and  follow  the  time  behavior 
of  the  particles  using  the  equations  of  motion,  defined  in 
Eq.  (12).  An  estimate  of  the  fraction  of  trajectories  which 
react,  and  remain  reacted,  can  thus  be  obtained  and  this  infor- 
mation used  to  determine  p.  A more  detailed  description  of  both 
the  Monte  Carlo  techniques  used  in  this  study  and  phase  space 
theory  can  be  found  in  Ref.  23. 

In  order  to  solve  the  equations  of  motion  used  in  the 
Monte  Carlo  procedure,  it  is  necessary  to  know  the  manner  in 
which  the  various  particles  interact.  Ideally,  this  should  be 
determined  from  a three-body  potential  energy  surface;  however, 
for  the  Xe-F-Ne  system,  no  such  surface  has  been  calculated.  To 
avoid  this  problem  we  have  made  the  assumption  that  a three-body 
interaction  can  be  approximated  by  the  sum  of  the  individual 
two-body  potentials. 


L 


Information  on  the  ground  state  potential  of  XeF  is  avail- 

. (3 ) 

able  from  several  sources.  Smith  and  Kobrinsky  used  absorption 
spectroscopy  to  determine  the  ground  state  well  depth  and  spectro- 

(4) 

scopic  constants.  Tellinghuisen , et  al. , obtained  emission 
spectra  for  the  B -*■  X and  D -*■  X transitions  in  XeF  and  applied 
RKR  methods  to  this  data  to  obtain  the  ground  state  potential 
curve.  In  addition,  crossed  molecular  beam  experiments  on  the 


i i 
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Xe^s)  + F(2P)  system  have  been  performed  by  Becker,  et.  al.  ^25^ 
Agreement  between  Refs.  4 and  24  is  excellent. 

For  ease  of  computation,  we  have  assumed  that  the  ground 
state  of  XeF  can  be  described  with  sufficient  accuracy  by  a 
Leonard-Jones  potential.  A Leonard-Jones  potential  correctly 
models  the  behavior  at  large  internuclear  separations,  but  is 
too  attractive  in  the  region  near  the  equilibrium  separation. 

To  determine  the  magnitude  of  the  error  that  this  assumption 
introduces  into  our  results,  we  also  ran  test  cases  with  a 12-8 
potential,  which  more  accurately  models  behavior  near  the  equili- 
brium internuclear  distance,  but  is  too  repulsive  at  large  sepa- 
rations . 

It  was  assumed  that  the  F-Ne  interaction  could  be  approxi- 
mated by  that  of  Ne-Ne.  Again,  a Leonard-Jones  potential,  using 

the  Nej  ground  state  spectroscopic  parameters  of  Tanaka  and 
(25) 

Yoshino,  was  assumed.  The  binding  energy  and  equilibrium 

internuclear  distance  of  Xe-Ne  were  estimated  by  the  arithmetic 
mean  of  the  Xej  and  Nej^^  internuclear  separations  and  the 
geometric  mean  of  the  binding  energies.  To  test  the  sensitivity 
of  our  results  to  these  well  depths  and  shapes,  test  cases  were 

(24)  Becker,  C.H.,  Casavecchio,  P.  and  Lee,  Y.T.,  J.  Chem.  Phys. 

69,  2377  (1978). 

(25)  Tanaka,  Y.,  and  Yoshino,  K.,  J.  Chem.  Phys.  57,  2964  (1972). 

(26)  Docken,  K.K.  and  Schafer,  T.P.,  J.  Mol.  Spect.  4£,  454  (1973). 


run  using  strictly  repulsive  potentials  of  the  form,  V = A^exp 
(-r/Li)  for  both  F-Ne  and  Xe-Ne.  The  parameters  Ai  and  Li  were 
obtained  from  papers  by  Abrahamson'  ' and  Mason  and  Vanderslice. 

Calculations  were  performed  for  the  first  six  vibrational 
levels  of  XeF.  Both  dissociative  and  V -+  T,  R rate  constants 
were  obtained.  For  the  results  reported  here,  it  was  assumed 
that  the  rotational  states  of  any  given  vibrational  level  were 
in  Boltzmann  equilibrium  up  to  the  dissociation  limit  of  the 
molecule.  The  validity  of  this  assumption  will  be  investigated 
in  detail  at  a later  date. 

The  dissociative  rate  constants  are  shown  in  Figure  20. 
Changing  the  forms  of  the  various  interaction  potentials,  made 
no  appreciable  difference  to  either  the  dissociative  or  V + T,  R 
constants.  The  error  bars  indicate  the  uncertainty  in  our  re- 
sults caused  by  limited  statistics.  For  initial  vibrational 
quantum  numbers  of  o and  1,  the  number  of  reactive  trajectories, 
which  are  used  to  determine  p in  Eq.  (11),  is  small  and  can  in- 
duce noticeable  error  in  the  calculations.  This  effect  becomes 
even  more  important  for  the  V -*■  T,  R rate  constants.  In  order 
to  minimize  the  effect  of  statistical  fluctuations,  the  calculated 

rate  constants  were  fit  to  analytic  expressions  which  have  been 

( 23 ) 

shown  to  accurately  model  a wide  variety  of  systems.  The 

dissociative  rate  constants  were  fit  to  the  function 

(27)  Abrahamson,  A. A.,  Phys.  Rev.  178 , 76  (1969). 

(28)  Mason,  E.A.,  and  Vanderslice,  J.T. , J.  Chem.  Phys.  28 , 

432  (1958). 
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(cmVsec) 


Figure  20.  Calculated  Dissociative  Rate  Constants  for  Various 
XeF  Vibrational  Levels 
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kQ(v)  = A exp  (-aed) 


where  is  the  dissociation  energy  in  cm  *,  A = 1.3  x 10-^ 
and  a = 0.0058  for  the  case  under  consideration.  The  V T,  R 
rate  constants  were  fit  to  the  function 

k£u  = A'  exp  {a£Z  ' Seu) 

and  c0  and  e are  the  energies  in  cm  ^ , with  respect  to  the  dis- 
X/  u 

sociation  limit,  of  the  two  vibrational  levels  involved  and 
Z < u.  For  our  case.  A'  = 2.7  x 10  a = 0.0121  and  8 = 0.0091. 

The  values  of  the  k^'s  can  be  obtained  from  detailed  balancing. 

ku*  = k*u  eXp  (Ae/kT)' 

where  Ae  = e - e g and  T is  the  temperature.  The  V -*•  T,  R rate 
constants  are  given  in  Table  4.  Both  the  calculated  and  fitted 
values  are  shown.  Due  to  statistical  considerations  and  the 
assumptions  made  concerning  the  nature  of  the  potential  energy 
surface,  these  rate  constants  are  expected  to  be  accurate  to 
within  a factor  of  two. 

During  tl\£_-remainder  of  FY78,  we  plan  to  complete  this 
study  of  ground  state  dissociation.  One  phase  of  this  study 
will  be  to  test  the  validity  of  the  assumption  of  rotational 
Boltzmann  equilibrium.  It  has  been  shown , ^23 ' that  the  popu- 
lation of  states  close  to  the  dissociation  limit  is  generally 
less  than  would  be  predicted  for  Boltzmann  equilibrium.  This 

(29)  Keck,  J.C.,  and  Carrier,  G.F. , J.  Chem.  Phys.  43,  2284  (1965). 
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means  that  the  dissociative  rate  constants  reported  here  weigh 
the  contributions  from  high  lying  rotational  levels  too  heavily 
and,  as  a result,  will  be  too  large.  We  will  determine  the  ef- 
fect of  the  rotational  distribution  on  the  rate  constants  during 
the  second  half  of  this  program.  In  addition,  a computer  code 
will  be  written  to  solve  the  master  equation  of  the  ground  state 
which  should  enable  us  to  estimate  the  lower  lasing  level  deacti- 
vation lifetime. 

B.  TEMPERATURE  DEPENDENCE  OF  KrF*  RECOMBINATION  RATE  CONSTANTS 
The  rate  constant  for  reactions  of  the  type 

KrF*  + R + R+RKrF*  + R (R  = Ar,  Kr)  (14) 

can  be  calculated  using  the  technique  of  Shui.  The  rate 

constant  can  be  written  as 

kr  = krB  <N/V  (k/ke)  ' (15) 

where  N/Nq  is  a correction  factor  for  the  recrossing  of  the  phase- 
space  surface,  k/ke  is  a correction  factor  for  the  nonequilibrium 
internal  energy  distribution,  and  kr  is  the  barrier  rate  constant 
given  by 

krB  = 4tt2  f a2  z22(z2  - (8kT/nuxy)  [1  - exp (-Bm/kT) ] . 

(16) 

Details  of  the  method  of  calculation  have  been  presented  in 
Ref.  30  and  will  not  be  repeated  here.  However,  for  the  purpose 
or  providing  a simple  physical  explanation  for  the  form  of  Eq.  (16) 

(30)  Shui,  V.H.,  Appl . Phys.  Lett.  31,  50  (1977). 
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we  may  point  out  that  the  factor  4 it  z 2 (Z2  - z^)  is  a molecular 

volume  proportional  to  the  number  of  atom  pairs  (X-Y)  close 

2 1/2 

enough  to  recombine,  whereas  the  factor  na  (8kT/*rruvv)  is  a 
rate  constant  proportional  to  the  frequency  at  which  the  (X-Y) 
pairs  are  stabilized  under  the  influence  of  the  third  body  M. 

The  quantity  f is  the  degeneracy  factor,  and  the  additional 
factor  [1  - exp (-B^/kT) ] simply  eliminates  those  atom  pairs  which 
cannot  form  bound  molecules  because  of  their  excessive  orbital 
angular  momentum. 

In  the  temperature  range  of  interest  here  (<  1000°K) , the 
dominant  temperature  dependence  of  kr  comes  from  the  effective 
collision  radius  a,  given  by 


a2  = 2-3/2 


f “y  r 2 /UXM\ 

I^TmY  |^aXM-exp  ^"kf  j 


+ a XM+eXp 


w- 


*(&)- 


The  quantities  aiM+  are  given  by  the  large  (aiM+)  and  smaller 
(a.  ) finite  positive  root  of  the  equation 


(4m  [kh(»“)]L..t 


= 0 (i  = X , Y)  (18) 


1M  im+ 


We  have  now  extended  the  calculations  to  cover  the  tempera- 
ture range  300-800°K,  and  the  results  are  plotted  in  Figures  21 
and  22  for  R = Ar  and  R = Kr,  respectively.  In  each  figure  the 
recombination  rate  constant  is  plotted  vs  temperature,  illustrating 
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RECOMBINATION  RATI 


Figure  21.  Calculated  Recombination  Rate  Constant  vs 
Temperature  R = Ar 
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RECOMBINATION  RATE  CONSTANT,  kr  (cm6/sec) 


the  temperature  dependence  of  the  rate  constants.  The  dashed 

line  represents  the  behavior  of  the  equilibrium  rate  constant 

(kr  ) whereas  the  solid  line  includes  the  additional  temperature 

dependence  of  the  nonequilibrium  correction  factor  (k/kg) , esti- 

(23  31  32) 

mated  from  a wide  range  of  cases  previously  studied.  ' ' ' 

These  studies  also  indicated  that  the  correction  factor  N/Nq 
should  have  a relatively  small  temperature  dependence  so  that 
it  is  assumed  to  remain  constant  in  the  present  study.  The 
accuracy  of  the  present  results  can  be  improved  by  performing 
detailed  numerical  computations  including  trajectory  calculations. 

These  calculations  have  generated  results  in  good  agreement  with 

. (23) 

experimental  data  over  wide  temperature  ranges.  For  the 

present  case,  the  rate  constants  for  reactions  (14)  have  been 

measured  at  room  temperature  by  Mangano,  et  al.,^33,34^  and  by 
( 35 ) 

Eden,  et  al.  Their  results  are  also  plotted  in  Figures  21 

and  22  for  comparison.  The  agreement  between  the  theoretical 
prediction  and  experimental  data  is  excellent. 

The  results  shown  in  Figures  21  and  22  indicate  that  the 
overall  temperature  dependence  of  the  recombination  rate  constants 
for  reaction  (14)  is  very  strong  in  the  temperature  range  studied 

(31)  Keck,  J.C.,  and  Carrier,  G.F.  , J.  Chem.  Phys.  43,  2284 
(1965). 

(32)  Shui,  V.H.,  J.  Chem.  Phys.  57,  1704  (1972). 

(33)  Mangano,  J.A. , Jacob,  J.H. , Rokni,  M. , and  Hawryluk,  A., 
Appl.  Phys.  Lett.  31,  26  (1977). 

(34)  Rokni,  M.,  Jacob,  J.H.,  and  Mangano,  J.A. , Phys.  Rev.  A 16, 
2216  (1977). 

(35)  Eden,  J.G.,  Waynant,  R.W.,  Searles,  S.K.,  and  Burnham,  R. , 
Appl.  Phys.  Lett.  32,  733  (1978). 
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(300-800°K).  For  example,  a change  in  temperature  from  300°K  to 
600°K  lowers  kr(Ar)  by  a factor  of  8 and  kr(Kr)  by  a factor  of 
10.  These  theoretical  predictions  should  be  very  useful  in 
making  projections  for  laser  performance  and  in  making  plans  for 
additional  experiments. 
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VI.  PLANS  FOR  NEXT  PERIOD 


For  the  next  period  the  one-meter  laser  device  will  be  used 
to  study  KrF  laser  performance  at  elevated  temperatures.  Theo- 
retical calculations  presented  in  Section  V indicate  that  three- 
body  quenching  of  KrF*  by  Kr  and  Ar  should  decrease  dramatically 
with  increased  temperature.  This  decrease  is  expected  to  lead 
to  higher  small  signal  gain  and  also  reduced  absorption  at  the 


laser  wavelength  due  to  the  formation  of  Kr2F*.  These  effects 


should  lead  to  improved  laser  performance,  particularly  at  high 
pressure . 

Also,  for  the  next  period,  discharge-pumped  HgCl  laser  ex- 
periments will  be  performed.  Cl2  will  be  used  for  these  exper- 
iments. Discharge  modeling  calculations  indicate  high  (>  80%) 
Hg*(3P)  formation  efficiency  in  an  e-beam  controlled  discharge. 

Cl2  is  expected  to  react  with  Hg*  (3PQ  1 2 ) states  to  form  HgCl* 
with  high  efficiency.  If  the  extraction  efficiency  is  comparable 
to  that  found  in  the  rate  gas-halide  lasers,  then  a HgCl  intrin- 
sic laser  efficiency  of  20%  may  be  achievable.  Small  scale  HgCl* 
experiemnts  have  been  hampered  by  spontaneous  heterogeneous  pre- 
reaction problems  between  Hg  and  Cl2.  These  problems  are  expeceted 
to  be  much  less  severe  in  the  one-meter  device  because  of  the 
larger  volume-to-surf ace  ratio. 
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In  parallel  with  the  above,  theoretical  rate  constant  cal- 


culations for  collisional  deactivation  of  XeF  ground  state  via 
vibrational  excitation/de-excitation  and  dissociation  will  be 
continued  into  the  next  period.  The  results  of  these  calcula- 
tions will  be  incorporated  into  a comprehensive  XeF  laser  model 
and  the  model  predictions  will  be  compared  with  experimental  re- 
sults. 
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